We investigate the influence of a strong magnetic field on various properties of neutron stars with quark-hadron phase transition. The one-gluon exchange contribution in a magnetic field is calculated in a relativistic Dirac-HartreeFock approach. In a magnetic field B m ∼ 10 19 G, the phase spaces of electrons, u and d quarks are strongly modified. This shifts the onset of phase transition to lower baryon density and also reduces the extent of mixed phase. As a result the overall equation of state is softer in comparison to the field-free case. The abundances of electrons and u quark are considerably enhanced in the mixed phase in presence of the magnetic field.
The matter density in the core of a neutron star could exceed up to a few times the nuclear matter saturation density. At such high density, it is expected that the quark degrees of freedom would be manifested. In fact, quark matter composed of comparable proportions of up, down and strange quarks has been conjectured [1, 2] to be the true ground state of QCD at finite baryon density. Therefore, at such high baryon density, a transition from nuclear matter to a stable quark matter is indeed possible. Several authors [3] [4] [5] have studied the effect of this phase transition on neutron star properties.
The presence of strong magnetic fields in neutron stars might have interesting astrophysical implications. Indeed, large magnetic field B m ∼ 10 14 G has been estimated at the surface of neutron stars [6] . It is inferred [7] that extremely large fields, B m ∼ 10 18 G or more, could exist in the core of neutron stars. At such high field and/or matter density, the constituents of matter are relativistic. Moreover, the energy of a charged particle changes significantly in the quantum limit if the magnetic field is comparable to or above a critical value B (c) m [8] , and the quantum effects are most pronounced when the particle moves in the lowest Landau level. The interaction of charged particles with strongly quantizing fields has been shown to modify the gross properties of matter on the surface [7, 9] as well as in the core of neutron stars [10, 11] .
Theoretical studies of Fock (exchange) term, relevant to the star surface/crust, in intense magnetic field have been carried out using the simple Thomas-Fermi-Dirac model [12] . In this Letter, we investigate the composition and structure of neutron stars with quark-hadron phase transition under the influence of strong magnetic fields in the Dirac-Hartree-Fock (DHF) approach within a mean-field approximation. This method is rather general, so it should be of correspondingly broad interest.
We describe the calculation of the Fock term in presence of a magnetic field in a general formalism within the σ-ω model [11, 13] . In a uniform magnetic field B m along z-axis, the Lagrangian is given by
in the usual notation [11] . The general solution for protons is ψ(r) ∝ exp(−iǫ HF t + ip y y + ip z z)f py,pz (x), where the 4-component spinor at zero temperature f py,pz (x) is of the same form as in Ref. [11] , but with the single-particle Hartree energy ǫ H replaced by the corresponding Hartree-Fock energy ǫ HF . The form of the spinor in a magnetic field (see Ref. [11] ) restricts the evaluation of the Fock term to fields which are so intense that only the zeroth Landau level, ν = 0, is populated. A careful examination of it reveals that for ν = 0, the position dependent part can be decoupled so that it reduces to the form
where
The DHF equation of protons for ν = 0 can then easily be written as
where the effective mass m
, and u(p z ) is the momentum dependent part of the spinor. For B m = 0, the Hartree contribution U H is given in Ref. [11] . The Fock term U F in general is given by [14] βU 
Here
a , and erf(x) denotes the error function; g a s correspond to meson coupling constants with a ≡ (σ, ω). The exchange contribution for B m = 0 is given in Ref. [14, 15] . It is straightforward to extend this formalism to calculate the exchange interaction for electrons in the outer crust of a strongly magnetized neutron star [12, 16] and also for a magnetized pair Fermi gas [17] at finite temperature and baryon density in exotic stellar objects and cosmology. To explore the quark-hadron phase transition, we demonstrate here the extension of DHF to the calculation of the one-gluon exchange term in the quark phase.
The pure quark phase consisting of u, d and s quarks interacting through one-gluon exchange in local charge neutral and β-equilibrium conditions is described by the bag model [2] . The DHF equations of motion for quarks in strong magnetic field can readily be obtained 
where q f , m * f and p f F are the charge, effective mass and Fermi momentum of quark of f th flavor. The QCD coupling constant is defined by α c = g 2 /4π. The general expression (for all ν) for the total kinetic energy of the quark phase in a magnetic field is
The notation in Eq. (8) is same as that in Ref. [11] , but the first term corresponds to those for quarks with d f = 3, and the second term is that for electrons. The total energy density of the pure quark phase is then
where B is the bag constant. The pressure follows from the relation P q = f µ f n f − µ e n e − E q , where µ f denotes the quark chemical potential and
is the quark density. The electron density is n e = (eB m /2π 2 )
, and µ e its chemical potential. The charge neutrality condition, Q q = f q f n f − n e = 0, and the β-equilibrium conditions, µ d = µ u + µ e = µ s , are solved self-consistently together with the effective masses at a fixed baryon number density n q b = (n u + n d + n s )/3 to obtain the equation of state (EOS) for the deconfined phase.
To describe pure hadronic matter consisting of neutrons (n), protons (p) and electrons (e), we employ the linear σ-ω-ρ model [11, 13] [18] , so the Fock correction to the EOS is expected to be small [15, 18] . The EOS for this phase is obtained by solving self-consistently the effective mass in conjunction with the charge neutrality and β-equilibrium conditions, Q h = n p − n e = 0 and µ n = µ p + µ e at a fixed baryon number density n h b . Here n i and µ i denote the number density and chemical potential; the subscript i refers to n, p and e. The energy density E h (see Ref. [11] ) and pressure P h in this phase are related by
The mixed phase of hadrons and quarks comprising of two conserved charges, baryon number and electric charge is described following Glendenning [4] . by the hadron phase. Furthermore, the mixed phase satisfies the Gibbs' phase rules:
In the present calculation, the nucleon mass is taken as m = 939 MeV and the values of the dimensionless coupling constants for σ, ω and ρ mesons determined by reproducing the nuclear matter properties at a saturation density of n 0 = 0.1484 fm −3 are adopted from
Ref. [19] . With this parameter set, we show in Table I , the mixed phase boundaries of neutron star for B m = 0 and B m = 10 19 G with interacting quark phase. To examine the measure of the importance of the exchange contribution, the corresponding results for the free quark case are given in parentheses. The onset of transition is at density n 1 = u 1 n 0 and the pure quark phase begins at density n 2 = u 2 n 0 . For matter with non-interacting deconfined phase with B m = 0, the boundaries are at u 1 = 1.953 and u 2 = 7.837. With the inclusion of interaction, the EOS for the quark phase becomes softer and transition to a mixed phase is delayed to u 1 = 2.158. At high density, as expected, the EOS for the quark phase is more softer resulting in a larger shift in u 2 to 9.523 compared to that in u 1 . As a consequence, the extent of the mixed phase is increased. With further inclusion of magnetic field B m = 10 19 G, the situation is reversed. The EOS for the hadronic sector for B m = 0 is found to be softer at low density and it turns out to be stiffer at high density compared to the field-free case [11] . On the other hand, the EOS for the interacting quark phase with B m = 0 is found to be considerably stiffer over the entire density range compared to those for B m = 0, with or without the exchange term. Therefore, for B m = 10 19 G, the onset of mixed phase decreases to 2.015 from the field-free interacting quark phase value of 2.158. However, it is still larger than that of the field-free non-interacting quark phase. The stiff EOS for both hadronic and interacting quark phases at B m = 10 19 G drastically reduce the upper boundary to a density of u 2 = 5.796 and thereby also the extent of the mixed phase. Since the EOS of non-interacting quark phase with B m = 10 19 G is most stiff of all the cases considered, the boundaries of the mixed phase are maximally shifted to the lowest baryon densities at u 1 = 1.162 and u 2 = 4.381, and thus has the smallest mixed phase extent.
A comparison of the composition of matter with interacting quark phase is displayed in Fig. 1 for B m = 0 (left panel) and B m = 10 19 G (right panel). For the field-free case, with the appearance of quarks at n 1 = 2.158n 0 , the neutron and electron abundances decrease since quark matter furnishes both baryon number and negative charge. With B m = 0, apart from reducing the mixed phase extent, the magnetic field enhances the electron fraction in the hadronic sector [11] . Because of charge neutrality condition n p = n e in the hadronic phase the proton fraction is also increased. The enhanced electron abundance persists even in the mixed phase. Since strongly quantizing field enhances the abundance of the charged particle on which it acts, is pronounced for u quark with charge |q u | = 2/3 compared to d quark with |q d | = 1/3. However, in the mixed phase, a delicate interplay of global charge neutrality and β-equilibrium conditions in presence of B m significantly enhances the u-quark abundance, the s-quark fraction is slightly enhanced and the d-quark abundance remains practically unaltered compared to the field-free result. Qualitatively similar features are observed for matter with non-interacting quark phase with and without magnetic field.
The maximum masses of the stars M max , obtained by solving the TOV equation [20] are given in Table I for different cases studied. With only nucleons and electrons, without any quark, the maximum masses of the stars are 3.10M ⊙ and 2.92M ⊙ for B m = 0 and 10
This is a manifestation of the softening of the EOS in magnetic field for these stars [11] .
However, the introduction of quarks, which softens the overall EOS, causes the maximum mass to be smaller for all cases studied (see Table I ). For B m = 0, the inclusion of one-gluon exchange in the quark sector causes a delayed appearance of the pure quark phase, and this results in a stiffer overall EOS with a larger maximum mass of 2.594M ⊙ in contrast to matter with non-interacting quarks. Since the pure quark phase begins at a much lower density for matter with interacting quarks at B m = 10 19 G, the maximum mass is reduced Qualitatively similar trends are observed for the phase boundaries and maximum masses of the stars (see Table I ). The higher value of bag softens the EOS of the quark phase and causes only a systematic shift of the phase boundaries to higher baryon densities. The overall EOS then turns out to be stiffer with a corresponding increase in M max . Also similar qualitative features are retained for the abundances of different species, with and without magnetic field at this high bag constant.
When the magnetic field B m ≥ 10 20 G, only the ground state Landau level of all the species are populated. This allows calculation of exchange contribution of proton and s quark also. However, to explore phase transition an "unphysically" large bag pressure of B ≥ 1120 MeV fm −3 is necessary. We have found that when the QCD coupling constant α c > 0.25, "strange matter" becomes negatively charged and requires positrons for overall charge neutrality and therefore would have catastrophic consequences [2] .
In conclusion, strong magnetic field is found to shift the hadron to quark phase transition in a neutron star to lower baryon densities compared to the field-free stars. The overall EOS then turns softer leading to a decrease in the maximum masses of the stars. The exchange contribution is also found to be quite significant on the gross properties of the star. 
